An advanced powder metallurgy repair process called Liburdi Powder Metallurgy (LPM)' has been developed for the repair, overlay or joining nickel and cobalt-based high temperature alloys. This process involves mechanical cleaning, followed by the application and consolidation of a filler metal powder which has substantially the same composition as the base metal, and produces joints with mechanical properties similar to those of the parent material.
INTRODUCTION
The complexity of advanced materials combined with the escalating cost of replacement parts has resulted in a continuing need to improve the joining and repair processes used to refurbish the high temperature materials found in gas turbine engines. The conventional fusion welding techniques are not only difficult to perform on highly alloyed nickel-based materials, but must also contend with the complex metallurgical reactions that occur when they are heated to their melting point during the welding process. This often results in the formation of small micro-cracks in the heat-affected zone during welding or after the post-weld heat-treatment which influences the quality of the joints and limits the application of weld repairs (Owczarski, 1977; Duvall and Owczarski, 1967; Thamburaj et al, 1983) .
Although automation of the welding process can significantly improve the quality (Liburdi et al., 1989; Lowden et al., 1991) , the overall joint efficiency is still limited by the properties of the filler materials used. Even when higher strength or matching materials are used in either the powder or wire form, the weld build-up is limited by their low ductility and tendency to crack under the resultant strains .
In the earlier development programs, some of the difficulties associated with fusion welding and joining of the high strength nickel alloys were overcome by the introduction of high-strength diffusion brazing processes. Previously, traditional brazing alloys or processeg did not possess adequate elevated temperature properties to be used for the joining of high temperature, highly stressed components and had to be modified by the development of filler alloys and procedures used for transient liquid phase (TLP) 2 bonding (Duvall et al., 1974; Hoppin and Berry, 1970) . Boron was used as the principal melting point depressant in the new alloys since it could be diffused into the parent metal at the brazing temperature, thereby causing isothermal solidification of the braze liquid and the elimination of brittle intermetallic phases which would otherwise form during cooling from the brazing temperature. Additional homogenizing heat treatments were applied to effect inter-diffusion of the parent alloying elements which resulted in mechanical properties for the TLP bonds which were equivalent to those of the alloys being joined. In practice, careful surface preparation, precise control of joint clearances and the application of moderate pressures were required in order to produce sound joints.
Soon after their introduction, the methods developed for TLP bonding in new part manufacturing operations were adapted to help meet the ever increasing demands of engine users for repair procedures to extend the service lives of costly hot section components. An early example was the replacement of worn blade tips by TLP bonding cast to size tip inserts onto pre-machined blades (Duvall and Doyle, 1973) . The next logical application for the activated brazes was the repair of thermal and/or mechanical cracks in cobalt and nickelalloy nozzle guide vanes (NGVs). The most significant limitations to the use of diffusion braze techniques for this type of repair were the need for adequate crack surface cleaning and the limits to the size and defects which could be repaired while still producing adequate mechanical properties in the repair joint.
Without proper cleaning, the braze filler alloys will not wet and flow into cracks and proper metallurgical bonding will not take place. This usually results in incomplete filling of the crack or, if undetected, recracking of the repair after only a few thermal cycles when the component is returned to service (Schneider et al., 1985) . In principle, the oxides which form in service can be more easily removed from cobalt-based superalloys than from nickel-based alloys because the nickel alloys are strengthened by precipitation hardening elements such as aluminum and titanium which form stable oxides that cannot be reduced using conventional heat treatments in vacuum or hydrogen atmospheres. As a consequence, specialized fluoride ion cleaning operations have been developed which attempt to overcome the problem of removing these oxides from the surfaces of nickel-based parts (Keller and Resor, 1978; Chasteen, 1983) .
In practice, the effectiveness of the various fluoride ion cleaning processes appears to be inconsistent and the results can vary from excellent to poor performance. Concerns have also been raised with regard to depletion of the precipitation hardening elements from unoxidized surfaces and intergranular attack of the blade roots which can result from these operations (Brauny et al., 1985; Antony and Goward, 1988) .
Another limitation in diffusion brazing repair operations is the size of the joint which can practically be used and still achieve adequate diffusion of boron out of the repair area for a reasonable time as well as bridge the gap with the liquid braze alloy. Complete isothermal solidification and joint homogenization of TLP bonds at the brazing temperatures commonly used for cast superalloys (1100-1200°C) require times on the order oflOh for joint clearances of only 25 gm (0.001") (Kang, 1989) . Joints which are not given the best diffusion and homogenization heat treatments usually exhibit segregation of brittle eutectic phases along the joint centerline. In an attempt to overcome these limitations, a variety of "wide gap" brazing mixtures have been introduced by both original engine manufacturers and independent repair facilities throughout the industry (McComas and Stuart, 1987; Ferrigno et al., 1989) . All are basically mixtures of a relatively low melting diffusion brazing alloy and a filler powder which corresponds to the base alloy of the article being repaired, with minor variations in alloy compositions, heat treatments and ratio of braze to filler powders used. Brazing is performed at a temperature above the solidus of the brazing alloy, but below the solidus of the filler powder. The filler alloy powder acts to retard the flow of the mixture, thereby allowing larger defects to be bridged than would be possible using the braze alloy alone. Furthermore, the filler powder acts as an additional sink for dissolution of the boron from the brazing liquid.
In practice, the high ratios of braze to filler alloys necessary to wet the filler powder and produce adequate flow of the mixture do not result in complete isothermal solidification of the filler alloy mixture, and the remelt temperatures of the resulting joints are roughly equivalent to the solidus temperatures of the braze alloys used (Antony and Goward, 1988) . Furthermore, maximum joint clearances are still limited to 1-2 mm due to the flow or solidification properties of the wide gap mixtures and there are significant problems with residual porosity within the filler material which may constitute unacceptable defects in the article being repaired (Antony and Goward, 1988; Mattheij, 1985) . In addition, the high levels of boron in the repair joints and the local segregation may also lead to reduced surface stability of coated airfoils and problems during the subsequent coating operations (Antony and Goward, 1988) .
The novel LPM process developed by Liburdi Engineering Limited provides an improved "matching filler metal" repair procedure for high temperature turbine components which overcomes the cracking problems traditionally associated with welding of nickel-based alloys, and produces joint properties equivalent to those achieved by proper diffusion or TLP bonding. In addition, the repair limits normally associated with wide gap brazing techniques have been significantly increased, allowing more components to be repaired. Although the details of the process are proprietary, key material properties and several applications will be presented to illustrate the potential for the process to overlay surfaces, HIP encapsulate, join details and repair wide structural cracks. 
GENERAL FEATURES AND PROPERTIES OF THE LPM PROCESS Joint Preparation
As in previous repair operations, the surfaces to be repaired or joined must be metallurgically cleaned to assure good bonding. Due to the difficulties outlined earlier, the LPM process does not rely on fluoride cleaning. Instead, the cracks are ground out and eroded or worn areas are dressed to remove all surface oxides or corrosion products including adjacent parent material which has been locally depleted of alloying elements due to the corrosion reactions. Furthermore, complete defect removal can be verified by the use of standard liquid penetrant inspection procedures.
Choice of Filler Materials
For components damaged in service, repairs are usually completed using matching filler materials in the form of gas atomized powders. However, there are situations in which it may be desirable to replace damaged or worn material with a filler alloy of another composition. This need may arise due to design modifications, the need for modified material properties such as wear or oxidation resistance, the joining of dissimilar materials or lack of availability of matching filler materials. When performing such material substitutions, care must be exercised to ensure chemical, physical, and mechanical compatibility with the base alloys.
Application Techniques
Various application techniques have been evaluated for the LPM process. In most cases the process is carried out using slurries of the filler metal powders which can be applied by syringe, by spraying, or by transfer tapes, depending on the repair geometry.
Thermal Cycles
The LPM process is performed in conventional vacuum heat treating furnaces. The thermal cycles are designed to not only achieve consolidation of the LPM repairs, but are compatible with standard heat treatments for the parent material. Typically, the LPM processing is completed at temperatures between 1100-1200°C and for times of 2-10 hours.
Mechanical Properties
The tensile and stress rupture properties of LPM joints in IN-738 test bars were determined using butt and overlay sample geometries shown in Figure 1 which imposed both tensile and shear loading on the interface. The stress rupture data presented in Figure 2 ranks the efficiencies of the LPM joints at over 80% of the published values for the IN-738LC base metal (expressed in terms of stress). Note that, the LPM data exhibits normal LArgqn -Miller behaviour for tests at different temperatures and for reasonable porosity levels. There is no significant improvement in the propertie■ of joints given a hot isostatio pressing (HIP) cycle. In essence, the LPM properties are typical of fine grained powder metallurgy superalloys which are slightly weaker in high temperature creep than the same coarser grained cast alloys. However, 
Structure and Composition
The LPM microstructure shown in Figure 4 reveals the excellent fusion obtained between the filler deposit and the base metal as well as the absence of segregation of brittle intermetallic compounds which are often found in conventional braze repair joints. Equally important is the absence of micro-cracking in the adjacent base metal due to the low stresses and limited melting and fusion of the base metal which are central features of this process. In some cases, a hot isostatic pressing (HIP) cycle has been used to increase the final density of the LPM joints, however, the use of HIP does not significantly affect the stress rupture properties of the joints, as shown by the test data in Figure 2 provided that porosity levels are within acceptable levels.
The chemical analysis of an LPM sample is given in Table 1 and confirms that the joint composition is similar to the nominal composition of the IN-738 base alloy. The total concentrations of boron and silicon are significantly lower than the nominal concentrations found in the wide gap brazing filler materials described earlier and can be lowered even further. This should result in improved oxidation resistance and higher remelt temperatures for the LPM filler material. The LPM process has also been tested using cobalt-based alloys as filler materials. The tensile results are shown in Figure 5 and the microstructure for X-40 LPM repairs is shown in Figure 8 (b) . In this case, matching X-40 powder was used instead of the stronger nickel- based alloys normally used to braze repair cobalt-based components in order to achieve a complementary coefficient of thermal expansion. The resultant strength is typical of cobaltbased alloys.
The test properties confirm that the LPM process could be used in a number of repair or joining schemes for stationary and rotating components. For example, matching high strength powders could be used to extend the repair limits in crack sensitive turbine blade alloys as well as repair cracks and restore airfoil contours in nozzle guide vanes. Typical applications include high pressure blade tip restoration, repair of worn shrouds, airfoil crack repair, insert attachment, build up of eroded or oxidized airfoils to restore throat area, and HIP encapsulation of casting or welding defects.
APPLICATIONS
The following cases outline how the LPM process can be applied to nickel and cobaltbased components to perform unique repairs that are beyond the scope of current welding and brazing processes.
Repair of Aero Nickel-Based Nozzle Guide Vanes
The ability of the LPM process to repair cracks beyond the limits for activated diffusion brazes was first demonstrated on Rene 80, second stage nozzle guide vanes (NGV) which exhibited cracking extending around the leading edge shroud fillet as well as through the shroud section ( Figure 6 ).
In each case, the cooling inserts were removed and the cracks were routed by mechanical means to ensure their complete removal. The resultant cavities which ranged up to 1 cm in width and 3 cm in length were filled using matching Rene 80 powder and given a full heat treatment. The parts were then aluminide coated and submitted for future low cycle fatigue testing by the engine manufacturer. The metallographic examination revealed excellent fusion between the cast vane and the filler powder with an acceptable level of micro porosity ( Figure 6 ) in both areas.
It was also proposed that, the LPM wide gap process for structural cracks could be combined with the standard diffusion brazes and fluoride ion cleaning to repair the less critical craze cracks. This would minimize the mechanical removal of defects and make the repairs more economical.
Shroud and Airfoil Crack Repairs for Nickel
Alloy Turbine Second Stage Aero/Industrial Vane Segments NGV's shown in Figure 7 are cast from the nickel-based IN-738 alloy and coated using an electrophoretic aluminide process.
In service, the second stage NGV's experience thermal fatigue cracking through the shroud sections, in the fillet radii and at airfoil leading and trailing edges. The outer shroud cracks in almost all cases extend completely through the shroud wall and render the parts unserviceable. Reportedly, various attempts had been made to repair these parts by welding and brazing processes, but they had not been successful. Prior to the LPM repair, the vanes had been stripped to remove the aluminide coating, and then ground locally to ensure complete removal of the cracks and oxides. The extent of crack removal and blending is shown in Figure 7 (a). The airfoil leading edges which contained several adjoining cracks were cut back to remove both the cracks and oxidized base metal prior to the LPM repair. It should be noted that the resultant joint clearances were well beyond current wide-gap brazing process capabilities and represent a significant departure from the previous practice of only cleaning the oxide in the cracks or surface and then diffusion brazing.
A typical shroud repair immediately following the LPM process is shown in Figure 7 (b). The cracks had been effectively repaired with matching IN-738 powder and the small amount of overfill present was removed during the final blending stage to re-establish the proper dimensions and contours.
The repaired components were then submitted for repair evaluation and rebuilt into a service engine. The NGV's were first subjected to accelerated throttle excursions in the engine test cell and visually examined for defects during a partial disassembly. Since no defects were observed, the vanes were released for field evaluation in a hydrofoil engine which would subject the repairs to strenuous load cycling. The parts were re-examined after 2,409 hours of service and found to be in excellent condition. The only signs of material distress were small cracks in the airfoil trailing edges in non-repaired areas that were within serviceable limits. It is interesting to note that, the major repairs in the leading edge and shroud areas did not show any evidence of cracking in cyclic service. The components were therefore deemed fit to return to service until the next scheduled overhaul.
Repair of Cobalt-Based Industrial Turbine Vane Segments
The Stellite 31 (X-40) third and fourth stage stators from an industrial engine had suffered extensive damage during a failure. Large sections of the airfoil trailing edges were missing as a result of impact and there were cracks up to 10 cm in length in the fillet radii between the airfoils and shroud sections. One third stage vane contained cracks which extended completely through the outer shroud wall. A combined TIG welding and LPM approach was used to return these vanes to a serviceable condition. The trailing edges were repaired by welding inserts using matching filler materials. However, due to the high restraint and variations in section thickness, it was not possible to weld the shroud cracks. The fillet cracks were therefore removed by grinding and repaired using the LPM process with an X-40 based filler powder.
In order to ensure the removal of all the cracks including the tip, the blended areas were periodically checked using fluorescent penetrant inspection. The resultant cavities were typically 1 cm deep by 1 cm wide by 10 cm long and each component required approximately 25 -180 g, or 3 -20 cm3 of added material to repair the cavities. Due to the large section sizes, a HIP cycle was used to ensure complete consolidation of the filler material as well as the original casting porosity.
The repaired vane segments shown in Figure  8 were fully heat treated and inspected thoroughly to ensure their serviceability. All repaired areas were checked by x-ray to verify internal soundness and by fluorescent penetrant for surface indications. The fit-up of the shrouds was verified using appropriate fixtures and the airfoil throat areas were reset to provide proper aerodynamic flow.
With regard to mechanical properties, the LPM process for X-40 was qualified at the start of the program and the results shown in Figure  5 . Matching X-40 alloy was chosen instead of stronger nickel-based alloys in order to provide uniform expansion under thermal cycling. The microstructure produced by the LPM process Figure 8 (b) shows excellent fusion at the joint interface and fine grained filler alloy with no porosity following the HIP treatment. Due to the unique ability of the LPM process to affect a matching material repair in the high restraint fillet areas, it was possible to repair all the vane segments and provide needed spares which were not readily available. 1982) . Therefore, repairs are limited to the squealer tip area and the welds will often exhibit varying degrees of cracking. By using the LPM process with matching IN-738 powder, it was possible to significantly extend the repair limit because of the improved stress rupture properties of the IN-738 LPM filler material. This allowed more blades to be repaired than ordinarily would have been possible using welding and avoided the potential problems with HAZ cracks. In order to minimize the machining of the tip cavities, a combination of preformed IN-625 inserts and IN-738 LPM filler materials were chosen to make repairs on the damaged blades. Following the pre-repair inspections and stripping of the existing aluminide coating, the blades were ground to remove the damaged material. IN-625 inserts were fabricated to replace the missing squealer walls and joined to the cast blade tips using the IN-738 LPM process which was also used to repair damage beyond the IN-625 repair limits. An example of a repaired blade after the LPM processing is shown in Figure 9 (a). The LPM area can be seen clearly before final airfoil contour restoration. In addition, a blended and etched section is shown in Figure 9 (b) in order to highlight'the areas repaired by the different materials.
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This case also serves to illustrate the versatility of the LPM process. In the same application the IN-738 LPM powders were used to join a wrought detail to a cast part, fill in the wide gaps of missing airfoil material below the insert and overlay thin areas of the squealer tip. As illustrated in Figure 4 , the deposit is well fused to the base metal with no HAZ cracks and exhibits good mechanical properties (Figure 2) . The result is an improved, engineered repair that should provide greater reliability and reparability for various turbine blades or buckets. 
CONCLUSIONS
As illustrated by the preceding applications, the LPM process provides a novel approach to the joining or repair of superalloys that combines the mechanical removal of the defect as in welding with the convenience of a wide gap powder metallurgy process. The resultant microstructure is wellfused to the base material and exhibits mechanical properties typical of finer grained powder metallurgy deposits.
The LPM process can be engineered for both cobalt and nickel-based alloys and used to join details, fill wide gaps and overlay surfaces. When used in conjunction with HIP, LPM can effectively encapsulate and heal defects and produce a dense structure. LPM can also be applied to advanced materials such as customized tips for single crystal blades and can be combined with diffusion brazes to produce both narrow and wide gap repairs.
